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University of California, Los Angeles -902-'

ABSTRACT

Lithium chlorate, LiCiO, has a reported :-,eltin- point of

127.62 or 129~C The specific conductance of molten li-hium chlorate-

is relatively high com~pared :o most electrolytic so lutions used at

roomi temperature. Therefore, l1ithium chiorata offers the ch.ance to

operaze a new ihumbatt:ery systemn at a -. :)eratjre bet'.-een 1300-z

and 1506C. I: is found from experiments that li-Lhium chiclrate is

stable in zne potentuial range between 3.2 V and 4.5 V relative to

a Li reference electrode. A LiC 2 seconClary ba::e-ry sysr.Em has an

open circuit potential of 31.97' V, making a Li-C'l2 secondary battery

in molten lithium chliorate, in principle, possible. A lithium-lithium

chLorate- primary battery systemi is also possiole. L 41r.h 1,-i n e ga t ive

electrode performance is hindered by corrosion ,no p,:ssiDiC runaa-ay

reactions with LiC1O3 and dendrite formiation on cnarg-,ng. The solujbility

cf Li, O and Li>l in LiClO3 at 145 C is .-- iemol/"9ad~
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X-4&k mol/ respectively. Tne diffusion coefficients are i.5 A

I0 -' s for Li 2
0 and 3.4 x 1O,/s for Li.i. Piarum appear

to be an inert positive electrode for chlorate, chlorine, or oxygen

reactions for short term runs, orcer of several hours. NickeI sho,,,s

active-passive behavior ahich is complex. Nickei appears siit aoie

for primary ce;, cathodic discharge of LiCC 3, out it zoes not aptear

suitable for a - or 0 electrode.
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introdjict ion

Lithium, with low equivalent weight and large negative eectro-

chemical potential, is an attractive choice as a negative electroGe

for batteries of high specific energy and pow.ver density. Two types

of nonaqueous lithium battery systems have been developed, amcient

temperature and high temperature systems.

Compared to the ambient temperature systems, tne high t:nperatre

systems have the advantage of higher power output capacity because

of the higher conductivity and the faster electrcde kinetics associated

witn molten salt electrolytes used in high temperature systerls. However,

disadvantages for high temperature systems are heated up in tne szarzinc

up stage and tne material problems of sealing and separation. Looking

for a molten salt electrolyte which works at a lower temperature,

e.g., below 2000C, might be one of the alternatives to solve rhe material

problems.

Lithium chlorate, LiC10 3, has reported melting point about

128C (1, 2). Therefore, lithium chlorate offers the chance to operate

a new battery system at a temprature between 1300 and 150O0. The

specific conductance of molten lithium chlorate varies from 0.1i50

(ohm cm)-1 at 131.8 0C to 0.1420 (ohm cm) -1 at 143.010C (3).

It is reported by Markowitz et. al. (4) that after ,,o days

of heating al a temperature of 135 0C under flowing argon, ony 0.46o

lithnium chlorate was decomposed to either lithium chloride (0.060)

or lithium perchlorate (0.40%,. It was also reportec that -ne fast

exothermic decomposition takes place at about 376 0C. Litnium chlorate

at about 140 0C is believed to have good thermal stability.
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In preliminary experiments, lithium could be successf-jy

deposited and discharged reversibly on different inert negative electrode

substrates including lithium, nickel, stainless steel, and platinum.

All of these substrates are believed to be stable in molten ijhium

chlorate. Howaver, the formation of a lithium-platinum alloy eo rilied

the platinum substrate.

The cathodic reaction occurring on the surface of at, ir.ert

positive electrode during discharging is believed to be the reducticri

of lithium chlorate to lithium oxide and lithium chloride.

LiCIO 3 + 6 Li+ + 6 e- LiCI + 3 Li20 (2)

I i.4 (5,6) 2E' = 3.241 v 5 (relative to Li ref. electror.e)

The various anodic electrochemical reactions whicn are expected on

the surface of a positive electrode during charging are
+ , + " e- )Li20 - 2 Li . 0 0+2 e

E' = 2.903 V (6) (relative to Li ref. electrode)

LiCl - Li+ + Cl, + 2 e (3

° = 3.976 V (6) (relative to Li ref. electrode)

LiClO 3  Li + + Cl2 + 3 02 + e- (a

electrode) E
°  4.6 V (from experimental data, relative to Li ref.

In the present study, inert materials which can be used as

positive or negative electrodes in molten lithium chlorate ,were studied.

At different discharging states, the polarization experi e ts were

conducted at various rotating dJsks, Ni and Pt, to study thl effe:ts

of discharging products, presumably Li20 and LiCl, on oiarization

curves. The electroly:e was also analyzed a. different c -ging adJ

discharging states to investigate the possiole in,,olverent f .... ;ns

(1), (2), (3), and (4) on inert positive electrdes. Gas, eo,;,ng

from the pcsitve electrode during charging, qas colEcteJ at;c aana'.,,zJ

as a compliment to the information obtained fron hiuijd pnase chem:a
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analysis. The potential range, at which molten lithium chlorate 4s

electrochemically stable, is discussed. Tne possidility of ,using

lithium chlorate as the electrolyte in a primary and a secondary lithium

battery is considered.

3
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Exper ime nt a i

Lithium chlorate used in all experiments was prepared as described

by Campbell and Griffiths (7). A 1.0 M solution of barium chlorate

was heated to 850C. Then a 1.0 M solution of lithium sulfate was

adaed slowly until equivalence was reacheo. The precipitated oarium

sulfate was removed by filtration. The lithium chlorate solution

was evaporated slowly under I cm Hg pressure, tne temperature Dei;g

kept below 853C, up to an approximate concentration of 90% lithiJm

chlorate. The concentrated lithium chlorate solution was then transferred

into an argon atmosphere glove box and heated to 1300C uncer 50

Hg pressure for four weeks. Using this process, the "dried" itnium

chlorate .melted bet.ween 126 0C and 1280C. According to the chlorate-

water phase diagram proposed by Krauss et al. (8), the melting point

of lithium chlorate between 125C and 1230C corresponds to a qater

content of less than 0.5%. Lithium chlorate is known to be extremely

hygroscopic (8). Although the water content in lithium chlorate was

0.5% or less, no gross effects associated with water were coserved.

The 50 ,m of Hg pressure in the drying chamber was mostly argon leaking

into the flask. Thus, the partial pressure of water was some small

fraction of 50 um of Hg at 1300C.

The polarization experiments .qere conducted in rotating disk

cells. The rotating disk cell was composed of a glass cylinder 3/4

inch in diameter and ' and 1/2 inch high, to accommodate bPth tn.e

rotating disk ano molten litnium chlorate. Two gass tubes, 0.5 cm

in diameter, -Aere connected to the cylinder at the botton accomnodaing

a lithium counter electrode in one tube and a lithium reference electrcde

in the otier. Small sintered glass blocks 1/6 in, ch t ck ,cre =.oedc d
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inside the 0.6 cm tubes to separate the main cylinder from --he 1icn>m

counter electroce and the reference electrode. Nike an e .pa nnc

rotating disks were employed. The nickel rotating Jisk Nias made of

a nickel rod, 1/8 inch in diameter and I and 7/8" lonc, helc i tsi e

a teflon sleeve 0.3 inch in di3meter. The platinum ro:airg cis<

was made of a platinum wire, 0.051 inch in d iameter, surrounded Dy

a 0.3 inch d4ameter teflon sleeve and suppor-ed by an aluminum r.d,

1/3 inch in diameter.

The rotating disk cell was place,- on a hot plate surrounded

by a heavy aiuminum tube, 1/4 inch wail :nickness, forming a cati,

vhicn .s at a reasonaoly constant temperature, .- ioC. Temerar e

was measured using an iron-constantan thermocouple. The :empera- je

was kept at 1450C during experimental runs. About 6.5 grams of Pore

lithium chlorate .,as added into the main cylinder. The two side arms

were half fiile. Two lithium ribbons, one inserted into the counter

electrode compartment and the other inserted into the reference electrode

compartment, were held in position by two teflon stoppers. Then the

rotating disk electrode was dipped into tne molten lithium chlorate

contained in the main cylinder. The rotating speed, controlled by

an adjustable motor, was generally kept at 1000 rpm, but scmetimes

varied between 1000 and 1300 rpm.

All experiments were performed in an argon filled glove box,

Model HE-243-2 CR LAB, which w.,as supplied by Vacuum Atmosohnere Corcpra-ion.

The impurity levels of oxygen and water can be estimated by MEiasur-nr.

the life of a 25 watt light bulb tungsten filament in the glove box.

The light burned for a month, indicating, according to the operatirg

manual of the dri-lab, that the oxygen plus water content wac beeen



1and 5 pporn. The temperature vi ;hin the glove box ,25O KeCt a--

The circuit is composea of a potentiostat and a-n ammeter for

measuring the current, connected in series with the axperi:mental :ell.

Adigita'I voltmneter was connected cetween tLhe rotating d's,< ,trc

and the lithim reference elactroae for xneasuring the potent.'ial. 211

of tne polarization curves were obtained potentiostaticalily.

The chemical analysis for chloride ions and oxide ions s,ggesteu

by Markowitz (5) .,as employed to investigate the involvEm-,ent 3,f1 "hihm

chloride and lithi,,m oxide in the elactrochemica, ---action, occ~rr4ing

on the posiltive electrode of a litnium chlorate cell. Afterc'acn

and discnarging at v.ariocus potential plateaus observeU iii tinC po, - zari t 4i 3

experiments, lithium chl orate electrolyte was sam-pled and di ssol.-ed

in distil led water. The oxide content was determined by titration

to tne phenopnthaiein end point with hydrochloric acic; cnloric content-

was determ ined gravi metri cal ly as AgC I. Thne N i content in the elecroyte

wa s me asur ed u s ing a P er kin- Elme r At om ic A osor pt ion Spec tromet er.

Gas, often observed evolving from the positilve el.ectrode dujr4ng

charging, was collected and analyzed as a com-,plement to the information

obtained fromn liquid phase chemical analysis.



Resuj' is

nthe frst polarization exoeriinents, 6.3035 r-a:-,s of fresh

lithium- Chlorate were added into the imain cylinder of' a rotating disr:

cell. ANi rotating disk, pol ished bef~ore using, was then dippeo

into mnolten ',i th-I ;n chlorate el ectrolyte and lef t s tandi",ng nc,: untz>

the open circuit potential reached a steady state. n1 sgure, te

anciic Polarization curve i.n -fresh 'tithium- chlorate is shown~. D4s c n ar,

or cathodic reaction of the lithium chlorate was conducted-l afterwaro's

employi ng a Ni plate I cm,, x 1 cim area i n the mai n cylinder ana runni ng

current between the Ni pl ate and the 1i counter electrode. A ifrn

di schargi4:1g stages of the eliectzrol yte, after 2 0, 630, 1Q000 micro,

eq u I/alent s di.s cha rg9e d, a n o dic p o Iar iz ati on c jr v es .iere a ta ,n ed On

a freshly polished Ni rotating disk. These curves are snown in Fi~gure

2. After 1500 micro equivalents djischarged from tne lithnium cnlorate,

three anodic polarization curves were run on a NXi rotating Lli'Sk. the

first one right after dischargi ng, the second two hours after dischargi ng,

and the third twenty hours after dischargIng. The disk was polished

before the f irst. run and left standing in molten l ithium, cniorate

afterwards. These three curves are shown in Figure 3.

Comparing Figure 1, 2, and 3 show s that the fi4rst plateau:1,

3.0 V, azpeared in Figure 2 after 1000 micro e*quiia:2nts di scrarcez.

However, this plateau was partially or completely etlmi1,nated in Figure

3 after tne Ni rotating disk was left stan'itig ho'. in 4te litiu

chlorate for two or twenty nours, respect .'vely. It was aso obser.-

that the second plateau, 3.5 V in Figure 1 or 3.3 V in Figure 2 ano-

3, extends further after discharging. Tne 4. 7 V plateau, or, tne thi11r

p. ateau appeared at a lower- potential ', neni fre -n c:i- ncrat

9
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was used as the electrolyte.

n the second sez. of aexperiments, .443 gr !ns of f'r--sh 'itn4m

ch 1,ora ce was added in to the ,iain cylIi nd er of a r o a t ing d ';sk cell

After 400 micro equivalents w~as discharged frcm then eto-t us~no

a Ni plate 1 cm x I cm- area, an~odic po' 'rlzat o L xeruet *.Ere

run on a ooishec Ni ritating disk at dlifferent '-otating seo.-

Figure- It, anodiz polari.zation data,, with :N32 rpmn, 1200 rp-, h5C]

rpm, and 10300 rpm,, are shown. It was Found tniat the Thimiting current-

obser ~ed between the second andj- tne rdp1 a te a.s oceyed tne squae

root aq, i.e., cc , of Levici's Equat4-io:n

L C-

7ne i h i c oa : e &.e c j e -e. a s tee I nr z 'SC na rm

Using the Ni p1 ate. t various discharging stages of the elec:ro'ly.e,

530, 620, and 7J4 nitro equivalents diso-narge d, anoi"c polarizaticn

curves were zake-n on a pocisned Ni rotating disk. Ti imtngcrrn

observed-- on anodt-ic pola rization curves, sho..-n in Figure 5, -eacnea

aconst-ant .aeo' 29J I.; aftE-- 630 micro equliva'en:s discna-gec..

Catnoo;polarizatio.,n curves were also catzi n : he &crlt

aft1er 704 micro equiv,.alents discharged. The cu;ries, shown in Figure

6, indicated trat the cathiodic current could be e-nanced a, a higner

rotati.ng speed 3.- : rc szcu3-e root law di1d not ocnere.

In the following oEscrilbed experime;nts, a polished Pt ro-.atir-g

disk was dipped into 6.912 gram-s of fresh lithium chlor::ate. Tie anojdiC

polarilzation curve was taken in the fresh electrcjt-e as sno;'r, 4.n

Fig ur - 7. After 250 and 450 micro equivalents dischar,-ed from the

electrolyte using a Ni4 .)late, anodic polarization experiments e-ee

run or. a Polished Pt rotating disk at two c et'Jain speeds,

10
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i000 rpm and 1300 rpm. The limiting cirrent betdeen 3.2 V and '.2

V plateaus for the anodic polarization curves fo loweo tne square

root la.i.

Cathodic polarization curves on Pt in either fresh iitni;um

chlorate or after 450 micro equivalents dischargea are snic4n 'r. Figure

8 and 9 for 1000 rpm and 1300 rpm. Tne c thodic current in CreaSeI

at higher rotating speed but less tnan /'/., s iilar to ca tnc:

current on a Ni rotating disk. The catnojic limitling currert dtereaSez I

with an increase in the eytent of Jischarg.ng.

Tne p, ateau, appearing oet~ee , 4.0e--d,4 a .5 V ft atocl

polarization -r',es on Pt ro ta: I, z>;s, ,s -tu--d fSr -ne .n

fo1l owing experi mer-.s. Vacwm .ier e ,. as a ded tn o ... ro.

of molten Iin,-um cnlorate step oy step; tnerefore, anoadc oolar zctlc.

curves at dif-erent _sil concentration cD. be obtained on a p)lIsrdJ

Pt rotatn g ,is;. At an ana;,,zd L4C' concentration of 1.542 x

mole/ cm 3 , polarization experiments here con oucted at t, o .ifferert

rotating speeds, 0,00 and 1300 rpm. Tvo li nIting c urens, 9

and 120 uA respectively, were c ser.,ej as snm)Nn In Figure .

higher concentration, 1.57 a x 10 mole,'c tne I imiti' cnrr

increased to 320 uA at a rotating soeed of 100C rpm. A^en =fl-2 't

chlorate was saturated with i 2 1, tne :'-;2r,2 c . ..t

1000 A at 1000 rpm,. A nei plateau ab.3 e. s ose.- -

cases.

The involve'rn-r: of Li 0 anz '' q . .. -z n .. .

on the positive electrode in a ,t, m cr,,,ate ,, c:poree ftrne

by chemical analysis for Lidl , arI Li9J '. n itn:" n" e ' 'nr-

electrolyte was sampled periodlcally frown the psi* e -

1*
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during discharging around 2.5 V using a Ni or a Pt positive electrode.

The sampled electrolyte was then analyzed. The results are sum:nari-ec

in Table .. It was found that about 20% less Li 2 0 and 30% more LiCl

than expected based on Equation (1) were created djring discharging

of the electrolyte.

After discharging around 2.5 V, charging was conu ctel I

the electrolyte using a Ni or a Pt electrode. .harging current was

adjusted occasionally to keep the potential between 3.0 and 3.0 8.

The electrolyte was sampled from the positive compartment after cna-ging

and analyzed for Li20 and LiCI. It was found t, at only ..4,0 was consumed

during cha-ging, see Taole 2.

Gassing has been observed during charging between 3.3 , ari

3.8 V on either Ni or Pt electrodes. The gas, collected Trcn the

positive compartment, was blown through oxygen absorbent to analyze

the oxygen content. The results are shown in Taole 3. SaseJ on tne

results shown in Table 2 and 3, it is believed that the electrcchemical

reaction occurring on the positive electrode during charging beteen

3.0 V and 3.8 V is oxygen evolution from Li20, Equation (2).

When charging was carried out between 4.4 V and 4.7 V on a

Ni positive electrode, the electrolytic solution became dark green

in color. The chemical analysis of the electrolyte showec that Li J

and LiCl were neither created nor consumed. However, after dissolving

the electrolyte and tie dark green precipitate in acid, nickel ions

were found quantitatively in the solution using an atomic aosorption

spectrometer.

When charging was carried out between 4.0 V and . V on

Pt positive electrode, it was fcund that both LiCI and Li,0 were consu:.e,

12



Table 1

Sur'marized Results o , Chemical Analysls
After Discharging UsingaN raP Ele-. ro

Type of Electrode iiP

Amount of LiClC 3 505 c463
n sitv ccr'nart:-.eftti ____________________4_______2_

* Amo un t of discharce 120,0 micr3 20F2cc~ ir
equivalent ecivalents e u41vale n s

* Amourt of Li.0 created 476.93 micro moles I9-1 .55 micro m-oles '-4 2. : -Jcrc mole
durincg discharainq, I 9~53.S6 mnicro\ (1243 ..10 m--icro\ 24.',, micro

kecuivalentsJ e oji v _7 e nts /e~ c, a ~s/

Amoun t o-F LiCi created 264.15 micro moles 500.45 m-icro 1mOles ::.7c~e
during discharging (52.70 micro\*(027rir\* ('7 "ro\

* \euivaentsi equiva' ens/ e. ~~ n:

converted based on Equation (1)

Table 2

Sum-inarized Results of Chemical Analysis
After Charging Using a Ni4 or a Pt Electrode below 3.8V

Type of Electrode NiPt

Amount of LiClO 460
[in the positive compartment ~ gI ~ i3

Amnount of charge 5CC micro 1 437. 15 icro
equivalent equivalent

Amount of Li,0 consumed 203.7 micro moles 173.S' m.icro moceS
during chargTng (407.4 micro\ *347.62 -micrc

equivalents/ Iequivaiens/

Amount of LiCl consumed
during charging-

calculated based on Equation (2)



Table 3

The results of oxygen collection
during charging between 3.0 and 3.SV

Tes :. A;.:ou" of Amount of Oxvgen con er.
'eectrod-e charge cas collected in the colIecte = as

(micro equivalents) (ml) m

2CJ 5.6 micro

1 175 m i r

2equialents

converted based on Enuation (2)

Table 4

Summarized Results of Chemical Results After
Charcing above 4.0 V Usinc a Pt Pcsitive Electrode

Amount of LiCIO in the 4.921 g .
nositive electr4de 5.45g

Armcunt of Charce 600 micro 600 micro
equivalents eouivalents

Charging potential 4.0 to 4.6 V above 4.6 V

4mount of Li.0 consumed 1
during charg-t

Amount of LiCl created 90.57 micro mole S0.11 micro moles
or consumed during charging consumed created

II
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see Table 4. Hc. ever, during n : aJi azc e 4.e V, La

as Li,)J is consmed or a P positive elec rcde.

Daring charging above 4.6 V on a P: posltive eaec rOde, gas

was collected and analyzed for both Cl, and "". From tie

shown in Table 5, i. yas observed :nat I, was e ; , auan z:a t.e y

along -4ij:n a cer-ain quantity of oxygen dujrir, g ancd c cnarg ng -o-,,e

4 . 6 V.

13
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Fr3on Table I, it is prc.ed t.hat tne a cnod4C reaction 3. A

on a positive electrode, Ni or Pt, diring discharging is the rejuc,,tion

of LiC'O , to form LZ and LiCi, Equation (,.

L'ClO0 + 6 Li 6 e LiCI + 3 Lio

The reason that less '.i2 O is shown created in Tazle then :neore-lcai ,, ,

prea'ct.d from Farday's ,a,q applle to Equation1 t-I reignt -e Jssae

with tne migration of oxide ions tnrough the sinterec Class separator

and in-o the negative compartment. :n the rnmanti:ne, more L2 is

found t.nan expected from Faraday's l1aw applied to e s4nga'e rea,:ton

of Equation c n The decomposition react on cf i t n nC;

0, besices the reaction of Eqjation (i ta~es p;ace on a pcs- t-ve

electrode accounting for the extra LiCI, since 2.5 cc of oxygen nas

ceen collected during 1125 micro equivalents discharged.

During cnarging between 3.0 and 3.3 V, oxygen eoti in fron

Li20 occurs on a Ni or Pt positive electrode, see Table 3.

LiO - 2 Li+ + - 02 + 2 e- ,,

The transition between the second and th e third plateau >n anooac

polarization curves is due to the mass transfer contro , of Li2 to

the rotating disk, since the limiting current increases with increase

in concentration of Li20. The diffusion coefficient in molten litniurn

chlorate can be estimated using Levich's equation (9).
= DP/3. -1/6,1/2 c  :

I L  0.62 n F A D -1/64/2

where IL, the limiting current; F, the Faradiay cons In% ; A, the disk

area; D, the diffusion coefficient of Li20; v, the kinematic viscosity

of the electrolyte; r., the angular velocity of the disk; and C, the

concentration of Li20. The n is equal to 2 in th:s case since tw'

14



eiectrons are given up by each ilO molece dring cnarg ng. Tne

can be calculated using the equation suggested by Camptel e,. a.

(10) for pure lithium chlorate.

v(c ?/sec) e .979 x I0 5 / (-,

T tetween "2 and 17 0C
R 1.9:7 cal/-mol'"

The densities of lith n chlorate, , a- variozc :empea:,e, ar

also reported by Campbell et a.. (11). Accorci.4y, tne diffus-on

coefficient of Li20 in lithium chlordte at 1450. is evaluated from

Figure 7 witn v is equal to 0.116 cm2,/sec. The jiffusion coefficient

of Li20 at var-ious limiting current und measured .1 2 0 concentration

are shown beiow.

1.40 x 10-7 c11-/sec as I = 20 -A Cki20 3.221 x 30 mole/c-
D = 1.49 x 10- cm2/sec as I 2 3.221 x I-- 3

-7 2 L IL2O=321x10 elc-,
D 1.50 x 10 cm /sec as " = 40 ;-A 5

-7'Li = 6.135 x 10- mole/cm,
D 1.52 x 10-7  c /sec as 1L 54 -.A CLi2 = 6.i35 x ,oIe/cm °

The small value of these diffusion coefficients is due to the hign

viscosity of molten salt compared to aqueous solution, since diffusion

coefficients times viscosity is a constant i.e. 4alton's rule. These

four diffusion coefficient deviate less than 3,0 frain each other implying

that the Li20 is indeed the diffusion limiting species.

In Figure 5, it is shown that the liniting current reaches

a constant value of 290 ,A, after 630 micro equivalents were discnarged.

It is believed that this constant value is associated with the satirated

concentration of Li20 in lithium chlorate. Therefore, the soluihitv

of Li 2 0 in lithium chlorate can be evaluated from Equation k5) ,3

be 7.5 x 10- 5 mole/cm 3 using the average diffusion coefficient of

Li20, i.e., 1.43 x i0-7 cmL/sec.
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In F'iguire 10 , i , was obse rved tnat the leng*.n of tn- p

be twee n 4. 0 andJ 4. 6 V on P t ro tati ng dI s ks is prop ort io n a to -tne

concentration of LiCl in electrolyte. Therefore, it is believed that

chlorine evolution f'rmn LiCi takes place on Pt electrodezs during charg-ing

between 4.0 and 4.6 V.

Li~l -Li + C01 (6) 2
Z- 3:97'.' (relative to Li re'. electroce;l

The i mi tinrg current, observed i1n Fi gure 10, i s anpparently due to

the mass transfer limitation of Lil to Pt rotating disks. Accordingly,

the diffusion coeff'Jicient of LiCl in the electrolyte couli be estimate.d

Era qjation (5). At different LiC1l concentration and '.~n IM C 1 jr r en,

the c41iffus ion cofiinsare 1i sted De7 i0,

D 3.~ x 13- crm" / sec as 90D -:A C 1  5 .42 X -'Q mole/211

D . &x 10f -m2l/sec as 1L=110 ,A Cil 1.542 x 0zoec

3 3.C4 x 10-7 c-m sec as 1 3 20 A 0Cl 1.574 x 10C mote/cin,

The small. value of these diffusion coefficients is again due to the

high viscosity of molten salt compared to aqueous solution. T he ag gre emen t

between these resu lts wi th a standard devi at ion of 0.255 supports

the conclusion that Lil is the limiting diff~usiun reactant for tile

third charging plateau.

The solubili ty of LiC I i n l ithium chlorate can be estimated

using the limiting current shown in Figure 10. When the electrolyte

was saturated, a l imiting current of 1000 .A was observed. Using

the average dif fusion coeff ici ent of LiCl in lithium chlorate, the

solubi lity of LiCl in 1ithium chlorate i s 1. 78 x L ml/mat

1450C. In Table 4, it sh'oe' s that Li 2 was also consumed during cnarging

between 4.0 and 4.6 V at the Pt electrode. This could be interpreted

as f oIllows . Since tne charging potential employed is higner tnian

oxygen evolution potential, the oxygen evolution occurring at abot
16



3.4 V must be running at its limiting current during tne .... .

In addition, the replacement reaction between Li2J ano 0? consj:.es

Li20 to reform LiCI.

L;20 + Cl2  2 LiC1 + :; 0 27)
G= -2. 6-49.5 Kcal/mole

This also explains wny in Table 4 less LiCl] was consuimej tha. expecze

based or Faraaay's law.

in Table 5, the results show :hat oxygen along 4i1h cnlorine

is evolved from the Pt electrode during charging above 4.6 V. For

instance, 3.80 cc or 150 micro mo'e (600 micro equivalents) of oxjgen

was .oolected in run number 2 while 150 micro equivalents was el, arged

ir at "'.72 V. 1f oxygen is evolved from Li20, tnat muth 0. ;s no-

expected. inerefore, it is believed that both chlorine x cxygen

are evolved from lithium chlorate during charging above 4.6 V.
LiCI3-- Li+ + C1 + 22 0 + e-

Lil 3~ 2 2

Part of the chlorine gas evolved will react with Li20 to form LiCI

and 02' This replacEnent reaction, Equation (7), lowers the concentration

of Li20 and creates LiCl. Since chlorine evolution from LiCl is also

occurring at its limiting current when charging above 4.6 V, LiCl

is created and consumed simultaneously by different reactions during

charging. This explains why only 80 micro moles of LiCl were created

while 165 micro moles of Li20 were consumed (Table 4).

Chlorine evolution is not observed on Ni although a charging

plateau around 4.6 V for a Ni rotating disk appears. From chemical

analysis, it is found that Ni is oxidized to NiO during charging ato.e

4.6 V.

The first charging plateau, observed on a Ni rotating disk

in Figure 3, appears at a potential close to the standard potential
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of the Ni electrode. +2 -
iNi ,I i +2  + 2 e(2 ,-

= + 2)E°  2.799V (relative to Li ref. electrooe)

Therefore, it is believed that the first charging plateau is due to

Ni dissolution and the third plateau is prooably in the transpassive

regicn. The mechanism of Ni passivation is described as follows.

As a polished Ni electrode is dipped into fresh molten lithijm,

chlorate, a thin NiO film is believed to form on tie sirface o' tne

Ni. This film could reduce the active area for Ni aissolition anc

shift Ni dissolution curve i to ii as shown in Figure !. Then the

mixed potential would be switched from (a), in Figare !1, to 1d) or

(c). The points (b) and (c) are the intersections of curve ,iv) for

thium chlorate reducti on with curve it for Ni di sso! ui on and curv

vi for oxygen evolution, respectively. A mixed potential a- point

(b) or (c) implies that Ni is passivated and the first charge plateau

for nickel dissolution is no longer seen on the Ni ro.ating disk,

(see Figure 1).

Lithium oxide and lithium chloride are formed in the molten

litnium cniorate during oischarge using Ni plates. As disch.arge goes

on, Li4O will start to precipitate on the electrode after the electrolyte

is saturated with Li20. This Li20 precipitate could reduce the active

area fcr tnium chorate reaucion and move curve i, graoually to,qard

curve v. Finally, the cathodic curve v for lithium chlorate reduction

will intersect the Ni dissolution curve ii in its active region, namely,

point (d) in Figure 11, and reactivate nickel dissoluticn.

When the nickel is reactivated, the first charging plateau

appears again. As shown in Figure 2, after 1000 micro equivalents

discharged fror lithium chlcrate, the first charging plateau was observed

13



for a rotating disk.

Tne reactivated Ni is then reacting .ith molteni iithii m cnlorate

to form a more complete nickel oxide protective film. Eventually,

the Ni wil be passivazed again, and the Ni dissolution curve is shifted

to iii in Figure 11. Since more Li20 is present in the electrolyte

after discharging the lithium chlorate, the oxygen evolution curve

is also shifted from vi to vii. Therefore, the mixed pocenoion snitches

to the intersection of curve ii and vii, i.e. point (e) in Figure

ii. This could explain the disappearance of the first charging plateau

after hot stand, see Figure 3.

Pure lithium works to some extent as a Li negative electrode.

T-e lenzrite proolem occurring on a pure Li negative electrode is

serious. It might be solved using a lithium alloy such as Li-Al (12).

The corrosion reaction between Li and molten lithium chlorate is estimated

to be higner than 0.3mA/cm 2 as Li20 and LiCl are formed. No wa',, to

control tnis corrosion while the LiCI03 is molten is now known. Therefore,

if lithium chlorate is to be used as electrolyte in a lithium battery

system, room temperature storage as a solid will be necessary to limit

the corrosion reaction. The calorimetric data on lithium chlorate,

given by Campbell et al. (10), suggests that 5491 cal/mole is needed

for one mole of lithium chlorate to raise the temperature from 250

to 145 0C.

Conclusion

Based on the experimental results, it is known that lithiu.

chlorate is stable in the potential range between 3.2 V and 4.6 V.

Above 4.6 V, lithium chlorate will degrade to 02, C72, and Li+ during

charging. Below 3.2 V, lithium chlorate will reduce to LiCl and Li2O.
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Therefore, lithium chlorate can be used as the inert electrolyte of

a lithijm secondary battery only if tne operating potential is between

3.2 V and 4.6 V. The C-/CI 2 ha"f cell operates in this potential

region on platinum.

A Li-LiCiO3 primary battery system is possiole. w'ith an energy

density of 3393 dh/kg based on a discharge potential of 3.2 V, the

lithium chlorate primary battery is theoretically one of the highest

specific energy primary batteries available.
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